In this paper, we introduce an embedded method of carbon nanotube threads (CNTs) in three-dimensional (3-D) braided composite material preform. We investigate the strain sensing properties of CNTs embedded into 3-D braided composites using three-point bend test under different loads. The resistance change rate properties of CNTs in composites under tensile and compressive loading are analyzed in detail. Experimental results show that in the three-point bending process, the resistance of CNTs exponentially increases with the increase of strain until the specimen loading to fracture. Moreover, the residual resistance of CNTs has been observed after unloading. Our experiments have shown that structure health status of 3-D braided composites can be sensed and monitored in real-time using CNTs sensor under bending load. This study provides an experimental basis to lay the foundation for the structural health monitoring system construction of 3-D braided composites.
Introduction
The three-dimensional (3-D) braided composites have become an advanced bearing material with their high specific strength, high specific modulus, high damage tolerance, and other excellent properties, which have been applied in aviation and aerospace fields as key structural components. Braiding method of 3-D composite materials is unique, of which the bearing capacity is related to the braiding parameters, structure parameters, braiding yarn, mechanical properties, porosity and matrix interface damage factors, etc. The 3-D braided composite material products may be subject to all kinds of stress and strain in application, which would result in structural damage. It might lead to serious accidents of all kinds of huge losses with people and things. Therefore, the real-time structural health monitoring on units of 3-D braided composites is very necessary [1] .
The traditional nondestructive testing methods of composite materials include ultrasonic detection, X-ray testing, acoustic emission testing technology [2] , laser holographic detection, microwave detection technology, fiber Prague grating, etc. However, these methods are not suitable for monitoring the special structure of 3-D braided composites due to their disadvantages such as low precision, long detection time, and complex detection process. It is difficult to improve the capacity of structure health monitoring of 3-D braided composites applied in spacecraft using these traditional detection methods [3] . Therefore, some new structural health monitoring methods have been introduced such as the piezoresistive effect, resonance frequency shift, the piezoelectric effect, the change of the capacitance change, optical performance monitoring, or other methods based on micro-and nanosensors [4] .
In 1990, the distributed fiber Bragg grating (FBG) sensor embedded in epoxy resin composite materials was applied for the first time. Although FBG can be used for paving layer in composite materials and applied for health monitoring of aerospace composite structure, it is difficult to apply optical fiber strain sensor for the health detection of 3-D braided composite materials because FBG fibers are brittle, and it is easily broken in the braiding process [5] .
In fact, as hollow carbon fiber (carbon nanotube) was first observed under scanning electron microscopy by Sumio Iijima of basic research laboratory of NEC Corporation (NEC) in 1991, researchers have begun to apply carbon nanotube thread (CNT) for composites monitoring [6] and the excellent properties of CNT have been widely investigated. Daniel et al. [7] discussed the structure and electrical characteristics of carbon nanowire composites. Otherwise, based on carbon nanowires polymer composites, a microelectromechanical technology had been established on the composite interface [8] , which was used to monitor temperature under tensile and compressive load. The results show that the elastic modulus of carbon nanowires composites is higher than that of epoxy or silicone composite. The damage extents of embedded PVA-CNT fibers under extensile load were examined by Alexopoulos et al. [9] , which were used to monitor the structure health of glass fiber reinforced composites. The stability of CNT embedded into various composites is another key issue for application. Zhao et al. [10] proposed a development method of structure health monitoring of various composites with embedded CNT, and the complexity and stability of CNT were investigated. It is found that the CNT sensors can be easily embedded into composite structure from 77 K to 373 K and have high accuracy monitoring crack initiation function [10] . The feasibility of monitoring method of composite structure with carbon nanowires was equally important. Abot et al. [11] used carbon nanowires built-in sensors to achieve continuous health monitoring, which can provide a new integrated and distributed sensor technology.
CNTs have similar characteristics of optical fiber. Carbon nanotube sensors embedded within the material can output all kinds of information, such as material strain (stress), damage size, and location. Although carbon fiber has a certain electrical conductivity, the resistivity of carbon fiber is about 800 μΩ cm, and the resistivity of composites with carbon fiber is even more than 2000 μΩ cm. On the contrary, the resistivity of CNTs is only about 30-150 μΩ cm. Therefore, piezoresistive effect of CNTs is more sensitive than that of carbon fiber. Moreover, CNTs can provide online detection for 3-D braided composite materials.
In this paper, we first introduce a novel method as to how the CNTs sensors are embedded into 3-D braided composite material preform for the real-time structural health monitoring. Compared with the FBG sensor, CNTs not only provide online and real-time monitoring function but also do not destroy the structure of the material. In our experiments, it is analyzed that the strain sensing properties of embedded CNTs are tested by three-point bend test method under different loads, which shows that the CNTs have excellent load bearing characteristics. This research develops a novel method of continuous structure health monitoring of 3-D braided composites using CNTs, which significantly enhances the application level of 3-D braided composites as aerospace materials.
Braiding technology of CNTs embedded into preform
In this paper, 3K carbon fiber (T300B) and CNTs as raw fibers are embedded into 3-D braided composite preforms by using a 3-D five directional braiding technology. Figure 1 is the schematic diagram of 3-D five directional braiding method. In the braiding process, along the direction of the braid, CNTs as the fifth directional yarn, which do not participate in braiding in order to avoid breakage, are straightly embedded into the space enclosed by carbon fiber braid yarns (see Figure 2) . The arrangement and movement regularity of carbon fiber braid yarns are shown in Figure 3 , in which the red circle denotes the fifth directional CNTs yarn carrier. The braid yarn carriers (grey squares) are arranged in an array, the CNTs yarn carriers (red circles) are arranged in a certain distance in the carbon fiber braid carriers. Each carrier carries a single braid yarn. In the braiding process, the braid yarn carriers (grey squares) are driven to make rapid alternating movement along the row and column directions, and four steps compose a cycle. In the first step, the adjacent rows carries are mutually moved in a braiding process. In the second step, adjacent columns carries are mutually moved in a braiding process. In the third and fourth steps, the carries are the reverse movement of the first step and the second step, respectively. In this technology, the CNTs yarn as the axial yarn (the fifth directional yarn) does not participate in the four steps of braiding process. Therefore, the CNTs are continuous in the braiding process. It can realize continuous monitoring of the strain on the integral parts of 3-D braided composites.
The 3-D braided composite material preform with CNTs embedded in the formation is shown in Figure 4 .
The specimen was prepared with the 3-D braided composite preform and was molded by epoxy resin TDE-86, and 70 anhydride was used as curing agent. This preparation is referred to as GB/T 3356-1999 national standard [12] . In addition, in order to accurately detect the change of strain and resistivity of composites, both ends of each CNT sensor are exposed at a certain length to connect to the wires for separating the resistance change of carbon fiber and from the CNTs. By the application of Ohm's law, the CNTs sensor resistance can be described through the following expression [10] :
where R 0 is initial resistivity impedance of CNTs, L is length of CNTs, and A is the cross-sectional area of CNTs. The resistance change can be described by the following expression [2] :
where ν 12 is the Poisson's ratio of CNTs. There are two reasons for the resistance changes: one is the generation of strain and the other is the change of electrical resistivity caused by temperature changes, for example.
The strain coefficient of CNTs can be described by the following expression [13, 14] :
Strain coefficient of the pure carbon nanotube is about 0.5. Note that CNTs are composed of billions of short single carbon nanotube. The contact resistance between the carbon nanotubes is far greater than the resistance of the carbon nanotube itself. If in the entire pressure range, the contact resistance remains unchanged, the CNTs sensor longitudinal strain ratio is about 0.38, and the transverse strain ratio varies from 0.02 to 0.04. Compared with change of the longitudinal resistance, change of the transverse resistance can be neglected. Strain data of carbon CNTs sensor array can be obtained by wheatstone bridge output, and the temperature data can be read by the external current monitoring resistance. The real-time stress and strain monitoring of 3-D braided composites can be obtained by the change of electrical resistance of CNTs embedded into 3-D braided composites, which is shown in Figure 5 .
Analysis of three-point bending test
Experimental determination test is one of the basic methods for material mechanical properties on composite materials subjected to bending load. Bend testing is mainly used to determine the brittleness and low plasticity material. The system adopts the three-point bending test load mode. The dimensions of specimens are about 70 mm × 12 mm × 2 mm. All experiments were performed on a measuring instrument (AG-250KNE, SHIMADZU, Kyoto, Japan) with loading speed of 5 mm/min. The parameters of specimens are shown in Table 1 .
In three-point bending tests, both ends of the embedded carbon nanowire are smeared with silver glue and subsequently connected to wires for measuring resistance value of CNTs of 3-D braided composite material parts. Pressor collector PC terminal There are two kinds of stress in the three-point bending test for the CNTs sensor. One is that a CNTs sensor is embedded in the upper surface of specimen using the abovementioned braiding method, of which CNTs sensor is subjected to compression stress; the other is that a CNTs sensor is embedded in the lower surface of specimen using the same braiding method, of which the CNTs sensor is subjected to tensile stress. The schematic of experimental method is shown in Figure 6 .
In the experiments, the bending strength calculation according to the following formula (4) [7] :
where σ f is the bending strength (MPa), P b is the maximum load of the specimen at fracture (MPa), L is the span (mm), b is the specimen width (mm), and h is the thickness of the specimen (mm).
Strain characteristics of CNTs in tensile stress regional
For sample A, the stress is loaded to fracture. The stress and resistance change rate of three-point bending test are shown in Figure 7 . It can be seen that the ratio ΔR/R 0 of CNTs presents the monotonic consistency with mechanical stress and strain in the loading process until fracture. As shown in Figure 7 , the resistance variation of CNTs presents a curve, which can be fitted by an exponential function expressed as follows [15] : The fitting curve of resistance variation of CNTs is shown in Figure 8 , which can be seen in that there is a direct correlation between mechanical stress and ratio ΔR/R 0 .
For sample B, we analyze the response of increasing tension in loading-unloading phase of CNTs sensor. There are four load-unload incremental stages of testing results in Figure 9 . In the first and second stages (up to 45%, 65% of the fracture stress), there is a smaller ratio of ΔR/R 0 which is little changed in the first stage.
The third load-unload stage is up to 400 MPa (80% of the fracture stress), of which different reactions occur on CNTs. It is observed that the hysteresis curve appears after unloading. Obviously, resistance change will not come back to the zero value after unloading, which produces residual resistance. The third load-unload stage (80%) indicates that there are some basic damages in the sample structure. The third stage leads to almost 0.01 of the residual ratio corresponding to about 6 KΩ of ΔR (from 496 to 502 KΩ). Finally, in the last load stage, both the resistance ratio and stress increase with the strain increasing until loading to fracture. 
Compressive strain characteristics of regional CNTs
Based on three-point bending test results of specimen C, it can be seen that the mechanical stress and the ΔR/R 0 ratio of material are monotonic with the load gradually increasing to the fracture process, which is shown in Figure 10 . Obviously, in compression region, the CNTs sensor has suffered continuous increase of strain during the load increasing continuously. Note that the resistance ratio of the CNTs sensor is negative in compression region. It also can be observed that the resistance change ratio appears at a negative peak at 0.008 strain corresponding to about 220 MPa of compression stress measured value when the compression region is enlarged, which is shown in Figure 11 . The negative peak may be attributed to the cross-section in the compression stress period, where tension appears in a specific area and forms negative peak. With the load increasing, the preform enters the tension zone. As the resistance increases, the CNTs sensor resistance change rate continues to increase in the region until the material specimen up to fracture. In the specimen D experiment, the mechanical stress and resistance change response at different growth stages of load-unload, as shown in Figure 12 . From Figure 12 , we can see that the resistance change rate increases with the load increasing gradually. Note that there is no residual resistance in the first unloading stage corresponding to 45% of the fracture stress during our monitoring process. The resistance hysteresis phenomenon appears under the higher load and strain (the second and third stages). The CNTs sensor appears residual resistance at unloading process, indicating that the change rate of CNTs sensor can be recorded with negative and positive values in compression and tension stages.
Conclusions
1. This study has demonstrated that it is feasible for monitoring damage of 3-D composites using embedded CNTs with good operability compared with other materials. 2. It can be fitted by exponential growth curve for the change rate of resistance of CNTs in mechanical loading and unloading, which provides a theoretical basis for the CNTs sensor signal analysis. 3. The resistance hysteresis phenomenon of CNTs sensor is generated under high strength load. In the unloading stage, residual resistance of CNTs sensor can be calculated for the damage analysis of 3-D braided composites. 4. The CNTs sensor has shown high sensitivity and resolution, which can be used to precisely monitor the strain of internal structure damage, and provides a basis for the structure health monitoring system construction on 3-D braided composites. 5. It is firstly proposed that CNTs are embedded into 3-D braiding composites using 3-D four-step five-directional braiding technology for structure health monitoring. The relationship between the stress strain and the change of electrical resistivity is studied, which is expected to provide a basis for the study of smart 3-D braided composites.
